An acidic mucilage was isolated from the outer-layer seed coat of shaddock (Citrus grandis Osbeck) by water extraction at room temperature, and purified by DE-52 anion-exchange chromatography using 0.26  0.37 M NaCl. This purified mucilage was almost entirely composed of galacturonic acid residues. Glycosyl-linkage analysis showed that the backbone was 14 linked. Fourier Transform Infrared Spectroscopic analysis and determination of the degree of methylation further revealed that the mucilage was a low-degree (11.94%) esterified homogalacturonan. Size exclusion chromatography showed that the major molecular weight distribution of 610.9 kDa.
Seed-coat mucilages are present in many angiosperms, including Brassicaceae, Solanaceae, Linaceae, and Plantaginaceae [1] . These seed-coat mucilages are typically pectinaceous polysaccharides [2] and are categorized into three major pectin classes, such as homogalacturonan (HG), rhamnogalacturonan I (RG I), and rhamnogalacturonan II (RG II). HG is made up of straight chains of α-1-4 linked galacturonic acid (GalA) residues. RG-I is composed of a backbone of -(1,2)-linked L-rhamnosyl and -(1,4)-linked Dgalacturonosyl acid residues, with neutral sugars such as arabinose and galactose as the side chains on its rhamnose residues. RG II is a highly complex molecule made of a short HG backbone with four distinct side chains consisting of 12 different monosaccharides, including six specific sugars (apiose, 2-O-methyl-fucose, 2-Omethyl-xylose, aceric acid, 2-keto-3-deoxy-D-manno-octulosonic acid and 3-deoxy-D-lyxo-heptulosaric acid) [3] . Different kinds of pectin are present in the outer-layer seed coat of different plants; for example, HG and RG I are found in Arabidopsis seeds [4] , while flax seed contains an arabinoxylan polysaccharide in addition to RG I [5] .
The GalA residues in HG can be partly methyl-esterified at C-6, and possibly partly acetyl-esterified at C-2 or C-3 [6]. The degree of methylation and acetylation greatly affects the characteristics of HG, such as gel formation, viscosity, emulsification, rheological properties, thermal stability, and coagulation, and/or precipitation with divalent cations [7] . Shaddock (Citrus grandis Osbeck) belongs to the family Rutaceae, is one of the most widely cultivated crops in Southeast Asia. In Taiwan, it is an economically important fruit during autumn. Their seeds are removed and discarded as agro-waste while the pulp is eaten. If the dried shaddock seeds were imbibed in water for about 15 min, the seed coat is surrounded by a transparent, gel-like mucilage (MSS), and its yield accounted for about 3.5% based on the dry weight of seed [8] . This MSS exhibits moderate viscosity, water-holding capacity and anti-oxidative activity [8] , but its polysaccharide type has not been characterized. The aim of this study is to purify the MSS for identifying its pectin type via monosaccharide composition, linkage and Fourier Transform Infrared Spectroscopic (FTIR) analyses and to evaluate its molecular weight and degree of esterification.
The anion-exchange chromatographic pattern of the crude MSS is shown in Figure 1 . Two major fractions were obtained: the watereluted fraction (fractions 12-19, analyzed with the phenol-sulfuric acid assay) and the 0.26  0.37 M NaCl-eluted fraction (fractions 68-81, analyzed with the uronic acid assay), which accounted for 20.8% and 49.3% of the crude MSS, respectively. After extensive dialysis of the water-eluted fraction in water through a 3.5-kDa MW cut-off membrane, sugars were found exclusively in the dialysate (data not shown), indicating that the molecular weight of carbohydrates in this fraction was less than 3.5 kDa. Analysis revealed that sucrose was the predominant sugar (55.0%), followed by fructose (28.3%) and glucose (16.7%) (data not shown). These free sugars probably originated from the shaddock juice that remained on the surface of the seed coat when the shaddock pulp was removed.
In contrast, the NaCl-eluted fraction (namely the purified MSS) did not cross the dialysis membrane, indicating that its molecular weight was greater than 3.5 kDa.
After TFA hydrolysis, GalA was the predominant component ( Figure 3C ). The MSS is evidently an HG pectin, and is different from the pectin extracted from citrus peel cell walls, which contains HG, RG I, and RG II [9] . Figure 4 shows the molecular weight distribution of MSS had one major peak in the elution profile (peak 1, 96.0%) at 610.9 kDa. The profiles also exhibited a smaller population (peak 2, 3.48%) at 116.7 kDa and an extremely smaller population (peak 3, 0.52%) at 0.82 kDa (Figure 4) . Therefore, the major molecular weight distribution of mucilage of shaddock seeds is slightly lower than that of Prunus dulcis (762 kDa) [10] , but higher than that of Coffea arabica (1229 kDa) [11] .
FTIR spectroscopy has been extensively applied in structural analysis of polysaccharides. The FTIR spectrum of the MSS ( Figure  5 ) revealed a typical major broad peak around 3436 cm −1 at the OH stretching vibration, and a weak band at 2970 cm −1 corresponding to the CH stretching vibration. The band at 1766 cm −1 indicated the stretching vibration of non-ionized (methylated or protonated) carboxyl [12] , and the two bands at approximately 1648 cm −1 and 1432 cm −1 were assigned to the antisymmetric and symmetric stretching vibrations of aliphatic carboxylic acids (anionic forms) respectively [13] . The wave numbers between 950 and 1200 cm −1 can be assigned to the fingerprint region of the pyranoid ring in the carbohydrate [14] . Moreover, the MSS had a higher peak at 1766 cm −1 than at 1648 cm −1 (Figure 5 ), and its methyl esterification level was only 11.94% (data not shown). This low degree of methyl esterification was consistent with the weaker intensity of the CH stretching band at 2970 cm −1 [12] ; meanwhile, a reasonable explanation is attributed to the non-ionized protonated (COOH), not methylated carboxyl (COOCH 3 ) stretching vibration at 1766 cm −1 . Homogalacturonan in the outer-layer of shaddock seed Natural Product Communications Vol. 13 (6) 2018 749
In addition, MSS also had a trace acetylation degree (data not shown). This result is concurrent with the acetylation of pectin which usually exists only in the rhamnogalacturonic backbone of the hairy regions [15] .
To the best of our knowledge, there has to date, been no report that has analyzed the composition and structure of the mucilage extracted from the outer-layer shaddock seed coat. This study shows that the MSS is a low-methyl-esterified HG. In general, pectins with a low degree of methylation are less hydrophobic and are utilizable in cosmetics, food, and pharmaceuticals [16] . Shaddock seeds are usually discarded as agro-waste, but the structural simplicity of the MSS revealed in this study may indicate unique physiological properties that could be further studied and exploited.
Experimental
Plant material: Shaddock seeds from ripe shaddock fruits that were purchased from a local market in northern Taiwan were removed, dried at room temperature, and stored in a desiccator box until use.
Purification of MSS:
The dried seeds were extracted three times with Milli-Q grade water with water:seed ratio of 5:1 on a reciprocal shaker under the room temperature for 20 min each time.
The extracts were mixed and vacuum filtrated through a glass microfibre filter (Whatman GF/A, GE Healthcare, USA) [8] . The crude MSS was dissolved in water at a concentration of 1.5 mg/mL, and 25 mL of the solution was applied to a column (5.0 × 10 cm, Bio-Rad) packed with DEAE Cellulose-52 (Whatman, Kent, UK).
The column was eluted with 170 mL water until non-binding carbohydrate was completely eluted. A linear gradient of 0 -0.5 M NaCl (480 mL), followed by 1 M NaCl (500 mL), was applied at a flow rate of 1.96 mL/min. The eluate (7.9 mL/tube), was automatically fraction-collected. Each fraction was analyzed for total sugar and uronic acid, using phenol-sulfuric acid [17] and phenolic m-hydroxydiphenyl [18] , respectively. The NaCl-eluted acidic fractions were combined and dialyzed extensively in water using a 3.5 kDa molecular weight cut-off membrane (ThermoFisher Scientific Co., Massachusetts, USA), then freeze-dried to yield the purified MSS sample used.
Monosaccharide composition analysis:
The water-eluted fractions were combined and lyophilized. The lyophilized sample was dissolved in water, filtered through a Millipore Millex-GX Nylon membrane, and its sugar composition was analyzed using a CarboPac PA10 column (Dionex Corporation, Sunnyvale, CA, USA) with 18 mM NaOH as the eluent for 20 min as previously described [19] . An aliquot of the MSS (1 mg) was hydrolyzed with 4 M trifluoroacetic acid (TFA) (Alfa Aesar, Haverhill, MA, USA) in a screw-capped tube at 121 °C for 1 h [20] . The sugar composition of the MSS was analyzed with the same column as above but with 18 mM NaOH used as the eluent for 30 min, followed by a gradient up to 170 mM CH 3 COONa and 100 mM NaOH for 50 min [21] . Sugars were quantified using a Dionex Pulsed Amperometric Detector.
Linkage analysis: Pre-reduction of carboxyl groups was conducted according to the method described by Pettolino et al. [22] with slight modification. Briefly, 5 mg of the MSS was activated with 400 L of 500 mg/mL N-Cyclohexyl-N'-(2-morpholinoethyl) carbodiimide methyl-p-toluenesulfonate carbodiimide (SigmaAldrich, St. Louis, MO, USA) in 200 L of 0.2 M morpholino ethane sulfonic acid (pH 4.75). The mixture was shaken vigorously and left to stand for 3 h at room temperature, then reduced overnight at room temperature with 1 mL of 70 mg/mL NaBH 4 in 1 mL of 4 M imidazole-HCl buffer (pH 7.0). To determine the monosaccharide linkage, the completely reduced MSS (about 2 mg) was ionized with 2 mL of NaOH slurry (about 100 mg/mL) in dimethyl sulfoxide and shaken for 3 h, then, methylated with 0.6 mL of iodomethane for 2 h [22] . The permethylated MSS was hydrolyzed with TFA (2 M, 121°C, 2 h), reduced with 10 mg/mL NaBH 4 at 25°C for 2 h, and acetylated with 0.4 mL acetic anhydride at 100°C for 1 h) to yield partially methylated alditol acetates, as previously described [20] . The product was dissolved in an appropriate amount of hexane for gas chromatography-mass spectrometry (GC-MS) analysis, which was carried out using a Hewlett-Packard Gas Chromatograph 6890, connected to an HP 5973 Mass Selective Detector fitted with an HP-5MS fused silica capillary column (30 m × 0.25 mm ID) [20] . The sugars were identified by comparison with the alditol acetate derivatives of the corresponding monosaccharide references in the Complex Carbohydrate Research Center databank (https://www.ccrc.uga.edu/).
Molecular weight determination:
The molecular weight of the MSS was assessed using size-exclusion chromatography (SEC) [23] . The MSS sample was adjusted to a concentration of 1 mg/mL, filtered through a 0.22 μm filter (Millipore, MA, USA), and injected onto the SEC column (G4000PW XL 7.8  300 mm and G3000PW XL 7.8  300 mm, Viscotek, TX, USA) at a flow rate of 0.5 mL/min, with water as the eluent. A calibration curve was constructed using an authentic standard (Sodex P-82 series, Showa Denko America) containing polymaltotriose with molecular weights of 788, 404, 212, 47.3, 22.8, 11.8, and 5.9 kDa. TriSec software was used to acquire and analyze the Viscotek data. SEC signals were acquired using a Viscotek model TDA-3-1 relative viscometer (Viscotek, TX, USA).
FTIR spectroscopy:
The MSS was ground with spectroscopic-grade potassium bromide powder at a 90:10 salt:sample ratio and pressed in a mold to produce a pellet. The infrared spectrum was measured using an FTIR spectrometer (Spectrum One FT-IR Spectrometer, PerkinElmer, Massachusetts, USA) at a frequency range of 4000 -500 cm −1 .
Determination of the degree of methylation and acetylation:
The degree of methylation was expressed as a percentage of the molar ratio of methanol released upon saponification to the theoretical uronic acid residues [24] . The MSS (50 -500 μg) was dissolved in 1.0 mL of water and 0.25 mL of 1.5 M NaOH were added and incubated at room temperature for 30 min. After the addition of 0.25 mL of 5.5 N H 2 SO 4 , absorbance was read at 412 nm and compared with methanol standards. The degree of acetylation was assayed using the method described by Naran et al. [5] . Briefly, the MSS (0.2-1.0 mg) was dissolved in 1.0 mL of water and mixed with 1 mL of alkaline hydroxylamine (1 M hydroxylamine in 1.75 M NaOH). After 30 min of incubation, 0.5 mL each of 4 M HCl and 0.37 M FeCl 3 (dissolved in 0.1 M HCl), were added. Absorbance was read at 504 nm and compared with ethyl acetate standards.
